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FOREWORD

This technical report was prepared at the Thermo-Mechanics
Ressarch Laboratory of the Aerospace Reasearch Laboratories, Office of
Aerospace Research, USAF. The research was performed by Professor
Howard E. Smith of the University of Dayton, who was in residence at
W-PAFDB as a Visiting Research Associate for the period 1963 through
July, 1966 at the invitation by Dr. Max G. Scherberg, ARL.

The author wishes to acknowledge Dr. Max G, Scherberg for his
guidance, contributions, and many fruitful discussions relatec to this work.
Mr. Donald Clemm of the Applied Mathematics Research Laboratory, ARIL,
is acknowledged for programming the computer sclutions of the corner ex-
pansion described in this report. The excellent couperation and helpfulness
of Mr. J. C. Donaldson, Project Engineer, together with the staff of the
Von Karman Gas Dynamics Facility of the Arnold Engineering and Develop-
ment Center, Arnold Air Force Station, Tennessee, who conducted the wind

tunnel tests reported herein are also acknowledged.
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i experdrental investipstion of the flow fleld, and the mpdel pressure and
stiody~-state heat transfer distributions for a rearward-facing step in super-
sorde flow 1s described. Tests were conducted using a water—cooled mode] with
a step height adiustable to 0.443 and 0.750 inches at free stream Mach rucbers
of 2.5, 3.5, and 5.0, and at Reynolds numbers based on length of surface abead
of separation of approximately 2.5 x 105 to 1.8 x 108, It was found that the
Reymelds nunber based -on step height (ﬁeh) is an lsportant parameter and that
both the base pressure and the maximu heat transfer at reattachrent may be
predicted as a function of this parameter.

Several representativwe flow flelds are presented along with analyses of the
various reglons of these fleids. It was fond that the depressed base pressure
i3 commnicated wstream of the step through the subsonic portion of the attached
bowndary layer resulting in a pressure gradient impediately upstream of the step.
It 15 shown that the rapld comer expansion 13 not the commonly uo:d Prandtl-
“Byer expansion, but rather s accurately described by the method of inviscld
rotational characteristics which accoumts for both the entropy gradient in the
bowndary layer and the pressure gradient upstream of the step. This description
of' the comer expansion also accurately predicts the position of the lip shock

assoclated with the rapid expansion,
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During the past {lfteen years many experimenty’ ~nd theorstlcal Investigatinas

M

have been undertaken to detormine the flow characteristics and heat transfer in
the separated and reattaching [low reglon downstrewm of a rearward lacing step and
in the near wake of 8 body in flight at supersonic speeds in order to develop a
realistic tneory for the prediction of base pressure and neat transfer in this
region. The most commonly referenced theordes are those of Zhopman (15 for a 1z
inar boundary layer at separation and of Korst (2} for a turbulent poungdary layer
at separation, Both of these theories make use of the "dividing streamiine”™ con-
cept (Figure 1) in which ail of the flow coaring over the step rerains above the
dividing streamline and passes downstreanm, while all of the flow below it 18 re-
versed at reattactrent and remains within the cavity beneath the dividing stream-
line, These theories assume that the total pressure of the diviéiing streamiine at
reattachment i1s egual to the static pressure downstrean of reattachment, Both
thecries also asswe a negligibly thin boundary layer thiclness at separation, and
are therefore Reynolds murber independent and fall to accurately predict base pres-
sure when this condltion is violated. Crocco and lees {3} have developed a yeneral
theary attempting to cover all types of separated flows, but the application of this
theory in prasctice is very difficult and requires the evaluation of rany empirical
constants dependent upon model geometry. Chepman, Kueln and Larson (4) conducted
an extensive experimental investigation and examined separated flows ¢reated by
ramps and forward and rearward facing steps, Trey found that the pressure in the
separated region is stronzly dependent upon the location of transition relatlive to
the point of separation or reattachrent. For the case of the rearward facing step,
if transition occurs well downstream of reattachrent {laminar flow throughout), the

base pressure 1s relatively high and is a weak function of Reymolds nurber. If

Manuscript released Septerber 1966 for publication as i ARL Technical Documentary
Report.
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transition i3 upstream of separation {turbulent flow throughout) the base pressure
is much lower, but is again a wealt function of Reyreolds mumber. For the case where
transition occurs near reattachment, or between separation and reattachment, the
base pressure s strongly dependent upon Reynolds number and mey in some cases be
lower than th» fully turbulent case.

Hash (5) observed that the dividing streamline stagnates within the region of
pressurc rise at reattachment rather than at the pealt pressure as the Chapman-
Korst theories assume. He proposed that the Chapman-Korst theories be modified to
take this fact into account. Ginoux (6) found evidence of three-dimensional re-
gular perturbations at the reattachment of two-dimensional lamlnar boundary layers.
These perturbatlons appear to be similar to Goertler type streamwise vortices.
Roshko and Thomke (7) found simllar patterms in the reattachment downstream of an
axi-symmetric rearward facing step.

In spite of the numerous investigations of separated flows which have been con-
ducted, many details of the flow field still remain obscure and only a limited
amount of information has been obtained on the local heat transfer distribution
downstream of separation. For the past several years Dr. Rom (8)(8) of the Technion
in Heifa, Israel has been conducting an experimental ard theoretlical research pro-
gram in this area for ARL. He used small two-dimensional rearward facing step
models in a blow-down wind tumnel and in a shock tube, He has measured base pres-
sures and heat transfers at Mach numbers of 2.25 and 3.50 and Reyrnolds numbers,
based on length of flat plate upstream of separation, of 1 to 2 x 107 (laminar
separation) and 0,6 to 5 x 108 (turbulent separation). He found a plausible base
pressure correlation using a modified Crocco-Lees theory and also found high rates
of heat transfer in the reattachment region under certain flow conditiora.

An ARL in~house program was“undertaken to compliment the work of Dr, Rom. This
program was levised to use larget models in a continuous run wind tufnel facility.
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Test variables were specified so as to cover the Reynolds number range between
Rom's laminar and turbulent studles at free stream Mach mumbers of 2.9, 3.5 and

5.0 to check the validity of his shock tube heat transfer measurements ard to study
the flow details, 7ests were ¢onducted at the von Karmen Gas Dynamics Facility at
Arnold Engineering and Development Center, Tennessee in turhel A, a 40 irch x 40
inch continuous rn wind tunnel with a Mach mmber range of 1.5 to 6,0, A4 more
corplete description of this facllity is contained in Reference 10. This report
summarizes the results of the ARL in-house program. Preliminary reports of some of
these results have been presented previously (11)(12),

I TEST MODEL AMD PROEES

A two-dimensional, water-cooled, rearward faclng step model 9 inches wide with
variable step heights of 0, 0.443, and 0.75 inches was used in this investigation.
This model, shown in Figure 2, was equipped with side plates containing optical
quality windows to obtain approximately two-dimensicnal flow and was instremented
with 46 pressure orifices and 40 heat transfer gauges. The 4 inch long section
upstream of the step consisted of a 1/8 inch thick sheet of type U416 stainless steel
backed by a 1/8 inch thick sheet of phenolic nylon to maintain an adiabatic swrface
upstream of separation. The vertical riser surface and the horizontal reattachment
surface downstream of the step were made of type 304 stainless steel and were cooled
by ¢irculating water through channels within the model. Farly in the test program,
the vervical riser section developed water leaks which could not be repaired so that
no6 data were obtained from heat transfer gauges numbers 1 through 4, To make a step
height change in the model, the slde plates were removed and spacers Inserted or
removed beneath the downstreem reattachment plate., Each tirme this was done all joints

were carefully sealed with sealastic to Insure that air did not leak into or out of

the separsted region.
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The ateady state heat transfer gauges, shown in Pigure ? -~onsisted of {ype
304 stainless steel plugs 0.156 inches in dlameter contalning a copper-constantan
thermocouple junction at each {low exposed surface. These plugs were mowrked so
that they were surrounded by a 0.0025 inch alr gap over mosi of their length to
reduce lataral conduction and thus approximate one dimensional heat flow across the
gauge., EBEach end of these gauges was [lush with the model surface, so that one end
was in contact with the alr flow and the other with the water flow. The water side
of these gauges was sealed with epoxy and the air side of the plate was ground flat
and polished after the final assembly of all the gauges.

A flattened combination thermocouple-pitot probe shown in Flgure 4, designed
at ARL and bullt by Rosemount Erglneering Company of Minneapolls, Minnesota, was
used to cbtain total tempperature and pltot pressure surveys in the expansion regio,
in the free shear layer armd in the attached boundary layers upstream of separation
and downstream of reattachment, Figure 5 shows two views of the model and the
combination probe mounted in the tunnel.,

Figure 6 shows the two wire hot-wire probe which was designed at ARL and bullt
by Flow Corporation of (lambridge, Massachusetts to obtain veloeity profiles in the
low energy cavity flow beneath the free shear layer. This probe was designed so
that the measuring wires were offset from the supporting stem which was made long
and thin to cause a minimun of disturbance in the vortex type flow at the poimt of
measurement. When this probe was used 1t was mounted on the tunnel probe drive head
and replaced the combinatlon probe shown in Figure 5. The sensing wires were made
of 0.00035 inch diamster tungsten wire which was copper plated and tinned at each
end and soldered to the support needles.

The probe shown in Flgure 7, which was observed visually, was designed and
built at ARL to determine the local flow direction in the cavity region. It con=

sisted of two direction indicating flags, each cemented to a 0.025 inch o.d, stainless
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steel sleeve, These sloeves were in turn mounted on stainliess steel spindles,
one orlented vertically and the other horizontally, The flag on the vertical
spindle was made of foll while the one on the horizontal spindle was made of yarn
0o reduce gravity effects, This probe was offset iIn the same ranner as the hot
wire probe to cause minimm {low disturbence.

IH. INSTRUENTATION AND TECHHIQUES

The test data for iach numbers 2.5, 3.5 and 5.0 were obtained in succeeding
entries into the tunnel, and test techmnilques varied slightly for each entry as
optirum conditions and irproved measurements were sought each time, For all tests
the model cooling water was cniiled to below 40° 7 by pumping it through a copper
coll irmersed in an ice and brine solution. Cooling water entered the model re-
attachment plate at the forward edge beneath the separavion cavity and flowed
parallel to the free stream air flow.

The combination thermocouple~pitot probe was connected to a three-way valve
inside the probe head so that the probe could be comnected to a pressure transducer
for pressure measurement or o & vacuun system to allow air to be pulled over the
thermecouple for tenperature measurement. When used in this way, the probe measures
a recovery temperature which is a function of probe design and free stream conditions
and must be calibrated before the local total temperature may be determined, Call-
bration in various free stream corditions showed that the probe recovery factor was
always between 91 and 93% so that a constant valve of 92% was used for all data re-
duction, It was further assumed that the recovery factor in a shear flow was the
same as in a free stream flow, The combination probe was not pitched to allgn with
the local flow angle but was always pointed upstream into the free stream direction,
A calibration of the probe far variation from true pitct pressure reading vs. angle
at two different Reynolds nunbers and various ach rnumbers showed that the Reynolds
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rumber effect was negligible and the reading variation was only a function of Mach
nimber and angla., PFor subsequent data reduction it was found convenient to display
this information as a family of constant correctlion curves on a Mach nuber vs, flow
angle plot as ahawn in Flgure 8. The tranaducers used to read out the pitot pres-
sure for various test conditlons are swmmrized in Table I,

When: using the hot wire probe the four leads assoclated with each wire were fed
from the tunnel to a Flow Corporation Hot Wire Probe Selector Model 4681 switching
device, This permitted energlzing and reading each of the prohe wires separately.
The switching device was cornected to a Flow Corporation Hot Wire Anemometer Model
B 2 widch contained the wire current controls, the resistance bridge and the
current and voltage meters., This unit was operated in the constant resistance ratio
mde, Prior to munting the probes in the tunnel, each wire was calibrated in a
smll calibration tunnel to obtain its current-veloclity relation, In additicn, a
calibration of the variation of the zero velocity current vs, pressure was required
since the pressure behind the step in the wind tumel was very mich below atmospherie
pressure. This varistion was determined by calibration in a vacuum chuaber at
various presswe levels,

Tre Instrumentation used for measuring model temperatures and presswes at the
various Mach mumbers together with the estimated measurement error is described
briefly in Table I,

A point light source single pass shadograph sysiem was used to photograph {low
details, In thls system the light source was located in line with the separation
polrt of the model 105,3 inches from the tumnel centerline while the fllm was lo-
cated on the opposite side of the tunnel .0 inches !rom the tumnel cenberline,

I SR -
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Iv. EXPERIMENTS

During the inltlal tunnel entry, it was determined that the pressure distri.

ution on the mdel remmined unchanged regardless aof whether or not the model was
cooled, After thls determinaticn, the followlsng test sequence was adopted for each

mdel configuration (h=0.00, 0.843 and 0.750) and each Mach number:

(a) With the cooling water shut off, the model pressure and adiabatic wall
terperature diatributions vere determined at various free streasm Reynolds musbers.
A shadograph photograph of each condition was also obtained.

{b) With the cooling water circulating, the model surface tesperature and
heat transfer distributicne were obtained for some of the above Reynolds mwbers,
A sumwary of the tunnel conditions of the test is given in Table II.

In addition to the model information obtained above, detailed probings cf the
flow field using the combination thermocouple-pltot probe were obtained under the
tumel ~orditions and model configurations listed in Table IIT,

During the first tunnel emtry, oil was sprayed on the model reattachment sur-
face to detersmine the reattacheent line and the local surfaoce flow direction so as
to check the two-=ilmensionality of the flow. These oll flow studies were abandoned
as not being fsasivle in the continuous run tumel belng wsed, During the extended
time required to bring the tunnel to flow conditions, most of the oil was blown
downstream, and 1t could not be positively determined whether the observed {low
pattem accurately deplcted the run condition flow lines or whether some treces of
flow lines left during the transient rumning perlod were being observed, During
a later entry, yarn tufts were attached to the swrface To determine the reattachmert

line and the two-dimensionality of the flow. The tufts gave a good indication of the
location of the reattachment line within the accuracy of their 1/4 inch spacing.

They also showed the flow downstream of reattachment to be two-dirnsioral, bt gave
no indication of flow conditions within the extremely low energy separated region,

S M. L
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Attenpta to measure the flow direction and velocity of the vortex type flow in
the separated reglon using the hot-wire probe and the Jirection sensing probe met
with only limived success and will be discussed below,

During the final twmel entry a thin overhang egual in length to ane step
height was added to the basic model to determine the effect of a different flow
entrainment condition at separation and the effect of a change in cavity shape upon
the development of the flow in the cavity and dowrstream of separation,

V. RESULTS

(A) Step Model Data:

Flgures Ga through 51 show shadograph photographs of the flow field for tiv
0,843 inch step at the high, intermedlste, and low Reynolds rmumber for each Mach
number, The bright line parallel to tie reattachment surface which is visible in
some of these paotographs is a light reflection off the reattachment surface. OF
particular interest in these photographs 1s the white line denoting the upper edge
of the free shear layer downstream of separation, the lip shock which emanates from
the shear layer downstream of the corner, and the reattachment shock resulting from
the cogleacing of compression waves in the reattachment region. Detalled probing
with the combination thermocouple-pltot probe varify this interpretation of these
shadographs, Hote that with increasing free stream Reynolds rumber the 1ip shock
rotates downward relative to a horizontal reference line. Examination of the probe
data ahows that the losses across the lip shock increase with increasing free stream
Reynolds number. Also ol special interest is the fact that for the M, = 2.5 high
Reynolds number case (Figure 9a) a second snock appears at the beginning of the
expansion fan. Lip shocks at the end of the expansion fan have been noted by several
previous investigators, but only Roshko and Thorke (7) have reported a shock at the
beginning of the expansion. The lip shock has been cansidered negliglbly weak by
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mst investigators, Idtile attentlon has been glven to this shock and all of the
theories to date ignore it conpletely. Recently Hama (13) has made sore estimate
of the strengbh of the iip shock and concludes that 1t is not as weak as previcusly
supposed. A further discussion of the 1ip shock will be glven below.

Also shown in Figures % tlvough 91 is the model pressure ard heat transfer
d&stribution obtained under the test conditions of the photographs. The model
pressure has been non-=dimensionalized by the pressure measured at the number Onw
orifice locatdd 1-1/2 inches upstream of the step, while the heat transfer data are
non-dlmensionalized by using the local flat plate heat transfer cbtained under the
same {low conditions. The non-dimensiomalized heat transfer curve was obtaired by
fairing curves through the experimentally determined data for both the step and the
flat plate and taking the ratio of points along these falred cwrves, This precedure
will be discussed below In rore detall, The increasing heat flux dowstream of re-
attachmant observed in Figure 9c¢ is undoubtedly brought about because the flow was
turbulent there in the case of the step and laminar in the case of the flat plate
reference coaditiom.

Examination of the pressure distributions of Figures 9a through 91 shows a
reglon of essentlally constant pressure along the surface immediately downstream of
the step. The pressure orifices in the vertical riser surface (mwbers 39 through
42) showed the pressure on this face to be essentially constant at the same value
as those along the floor. This pressure, the base pressure, norralized by the up-
streanm pressure Pl = P_ 1is plotted vs. Reynolds rumber based on length of surface
shead of separation for all test points obtained in Figures 10a through 10c. Also
shown in these {igures are the base pressures predicted by the lamirar theory of
Chapman (1) and the turtulent theory of Korst (2). At the low vaiues of Re; the
curves appear to be approaching a constant pressure plateau, This behavior 1s
especlally prominent in the case of the 0,750 inch step at M, = 5.0 (Figure 10c) and
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confires similar findings by Chapren, Kuehn and Larson (§) for separated flows
whilch are laminar throghout In that the base pressure 1s nearly independent of
Reyrolds meper, Plgures 108 through 10c show howover, that this constant pressure
plateau (1€ 1% is in fact reached for all separsted flows) is omsiderably above
the pressure predicted by the Chapmem treory for lamirar flows. It 1s also seen
that the Iow Royrolds mweber base pressure appears o be a rather strong Dunction
of step height as evidenced by the results of the two step heights at each Mach
meber of this investigation,

For 3 giwven moxlel configuratlon, it iz seen that as the frez stream Reynolds
mxtber 18 increased from the completely laminar condition the base pressure decreases.
As evidenced for the case of the 0.750 step at M| = 2.5 (Figure 10a), the base pres-
sure reaches a mininmum value and then beging 0 Increase with increasing free stream
Reynolds mumber, For reasons to be given later, it is believed that the base pres-
sure for fully turbulent sepirated flow appruaches that given by the Korst turbulent
thecry, The fully turtulent base pressure is lower than the fully laminar value,
but higher ttan the minimum value obtained for transitional type flows. In general,
for a given model configuration and free stream Mach mumber, the base pressure is
dependert upon the locatlion of transition relative to separation and reattachment as
indicated schematically in Flgure ii.

Because of the strong dependence of base pressure upcn step helght and free
stream conditions indicated in Pigures 10a through 10c, all of the avallable two-
dimensionzl base pressure data (both from the presert experiments and from the lit-
erature) were plotted vs, Reynolds rnumber based on step helght and free stream ton=-
ditions, The data were obtained at various Mach rurbers ranging from M = 1,56 to
5.0 and are displayed in Pigure 12, Also shown in this firure are the base pressures
predicted by the Korst turbulent theory at various Mach numbers, It 1s seen that
except for a few turbulent flow points which are close to values predicted by

10




A AN R st

Korst's twbulent theory, all of the data fall within a reiatively narrow envelope
and may be approximmtely predicted by the empirical equation

. (0 5
Pb/P" __ﬂ.m_z__, ibh < 0,52 x 10

(Rep) (1)
_ 0N
P/ = o3 g Fep > 0,52 3107
{Rep)

As transition moves upstream into the reattachment region the base pressure
begins to fall from its relatively high lapdnar value a3 given by equation 1 and R
shown in Flgure 12, When transition occurs upstreem of separation, the base pressure
prediction of Xorst as shown in Figure 13 appears (o be adsguate and should be used, f
The exact method of moving {rom the curve of Flgure 12 to that of Plgere 13 is ot |
known at present, and should be the object of a Muture investigation,

Because of limdtatlions on the tummel operating tespersture and the model cooling
water temperature mly a ssall temperature differential was obtained across the heat
transfer measurements, Flgure 14 shows typleal heat transfer distritutions cbtained
for both a step and a {lat plate configuration at the same flow conditions., The
large heat transfer in the viecinity of the step location for the fiat plate config-
uration occurs because of the surface lesperature discontinuity existing at this
location {insulated surface to cooled surface). It is seen that for the step con-
figmation the maximus heat transfer occurs in the reattachment reglon and may be
several times the local flat plate value, while in the separated region beneath the
free shear layer the heat trensfer is less than at the corresponding fiat plate
position,

Also shown in Plgure 18 ia the flat plate heat transfer which would have been
obtained if the plate had been cocled to the uniform wall temperature of the test
from the lsading edge. Thia curve will hereafter be referred to as the extrapolated

11
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fiat plate curve, and was obtalined by corputing both the laminar and turbulent

heat cransfer dstrivution and falring s curve between and parsilel to them to

eodnelde with the experimentsl heat Sransfer distribution dowrstrean of the effect

of the temperature discontinuity. The heat transfer as glven by this extrapolated
o

suwrve at X = O would be the heat transfer 4t ssparation {g S@)azsdmybeusewiﬁ
a reference gquartity. These heat transfers were conputed by using the following
flat plate enpirical mlations of Eckert (17):

V2 13
u = 0,312 (e ) {Pr) Lardnar flow
x x (2

1/3
Nu = 0.155 (Pr} (Rﬂx)
{ 2.584
[hgm ?"J

x Turbulent low

Properties of the gas used in equation (2) were evaluated at a reference temperature

glven by
% T‘ o T' + 005 (Tw - T') + ‘3.22 {Tw - T.}- (3)
3
] To relate the maximum heat transfer at reattachment to conditions at the step,
-3 -3
» the following procedure was used to calculate the ratio (Q,. ’ﬁup }» At various

positions along the reattachmert surface the local ratio of measured step heat
oo
transfer to measured flat plate heat transfer |(QA fp)exp} was determined from a

plot such ad Plgure 14, Typical distribhutions of this ratic over the reattachment
surface are shown in Figures 9a through 51, At the location of maxirum

(@4 fp) exp determined from Flgires Ja through 91, the value of the local flat
plate heat transfer (§ 19) gqy ¥as determined fram plots similar to Figure 14,

i {This quantity is dencted as (; we ot because it was usually necessary to use the
extrapolated portion of the experimental curve. However, if the point of maximm
j heat transfer was far enough downstream, the actual experimental curve was used),
The ratio of maximum reattachment heat transfer to heat trandgfer at the step was
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Plmure 15 shows a plot of this ratio vs. he,., %he flagred points in this figure
represent ryi conditions in whdch transition on the flat plate occurred between the
separation and reattachrent positions. For these canditions, the extrapolated llat
plate curve was extended forward from the experirental curve as if transition had
seeurred upsiream of the separation position. The values of heat flux at low
Reynolds nurbers reported by Rom (8) are considerably higher than the results of
the present investigation and other reported results. 7The reason for this discre=-
pancy is not lewown at present, but it should be pointed out that iom's results

were cbtalned in a shock tube, while the other measurements shown in Flgure 15 were
otbtained in wind tumels,

The high values of heat transfer at reattachment are belleved $£o be due to
transition to turbulence. From this curve it 1s concluded that:

{a) If transition occurs far downstream of reattachment the peak heat transfer
at reattachment 1s less than the value at separation,

{b} 1If transition cccurs in the reattachment region, the reattachment peak
heat transfer 1is greater than the heat transfer at separatiom.

(e} If transition occurs upstream of separation, the peak reattachment heat
transfer is approximately equal to the separation value,

Examination of Figures Sa through 91 shows that the peak heat transfer always
occurs at the neck of the recompressing shear layer downstream of the stagnation
line. In order to correlate the distance from the separation point to the point of
peak heat transfer ("pm‘) an angle a = arctan (h/xpm,) 18 defined. Pigure 16 shows

13
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a plot of a/u vs, Reh which Includes all of the experimental poirts of this investi-

gation, The parameter o/u 15 similar to the parameter 8/u used by Donaldson and
Myers (21) tc correlate the location of reattachment., Although there is consider-

atle scatter in tha dats, it is seen that the varlation of a/n with th may be
soproxinated by:

afy = 1,07 (Rey) " -0.5 (5)

{B) Overhang Model Data:

A thin {1/68 inch) overhang of length equal to one step height (0.750 inch)
was added to the basic model to determine the effect of a different entrainment
candltion at separation, It was found that both the pressure and heat transfer
distributions downstream of the separation point were the same as for the step
without the overhang 1f {low conditions were adjusted to the sane Reynolds rumber
based on step helght (Re,) for the two cases. However, if the flow was adjusted
so that the same Reynolds number based on length alead of separation (ﬂeL) was
obtained for both cases, the heat transfer and pressure distribution for the step
differed from those for the overhang. Thus this investigation also pointed to the
fact that Ebh 1s an important parameter for the base type flow under investigation.
It is belleved that a syatem of two vortices develops beneath the step and shear
layer, as shown in the accompanylng sketch, to allow the flow to adjust to the same
downstream conditions for both the step and the overhang.

14
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(C) Surface Yarns:

In order to determine the local flow direction on the model surface ard to

deflne the locatlon of the stagmation line, strands of yarn were attached to the
model swlace downstream of the step. Experdmentation with varlcus types of yarms
showed that a 50% wool-508 nylon yarn was the most responsive to air flow direction
and had the necessary resistance to fiber brealage due to buffeting in the wind
tunnel air flow.

These strands were threaded through a ruled sheet of heavy paper in a regular
pattern and attached to the underside of the paper by dcuble-sided pressure sensi-
tive tape., The free yam ends were then cut to a length of 3/0 inches and the paper
was attached to the model by uging ancther layer of double-zided pressure sensitive
tape, This arrangement provided a smcther reattachment surface and a better re=
sponse of the yams than would have been obtalned if the yarms had been cemented
directly to the model surface. Photographs of the orlentation of the yarn strands
for the C.75 step at the highest Reynolds number for each test Mach maber are
shown in Figure 17. The rulings are 1/4 inch apart with heavy accented lines every
inch, It 1s seen that the reattactment line is well defined within the accuracy of
the rulings, that it is essentially stralght and that the surface flow downstresm of
reattachment is Swo-dimensional. The yarms upstream of resttachment in the separated
region showed ro motion at all, as 1if the air in this region were truly dead air,
This vividly demonstrated the extremely low energy level of the low density, low
velocity flow in the cavity beneath the free shear layer.

Wheni the reattachment position determined by the yarm strands ls indicaterl on
the pressure plots of Figures 9a through 91, the total pressure of the dividing
stream line (stagnating streamline) at reattachment is determined, since this total
pressure 1s equal to the local static pressure, If the flow to resttachment is
assumed to be isentropic, the Mach rumber of the dividing stream line at the beginning
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of reconpression may be determined as follows:
The retlo of static to total pressure on the dividing stream line at reattach-
meat 1a computed from:

[}
7N (..?L_) (_%;_) (6)
" i A7 freat

From this pressure ratio, the Mach number of the dividing stream line at the

beginning of reattachrent is given by the Iisentropic rellation:
1/2

1-y
(erpy) T, M

]%

Results of this determination are shown in Table IV for the 0.75 inch step at the

various test conditions,

It is seen that in all cases the Phch number of the dividing stream line is
subsonic, and is usually of the order I = 0,6 to 0.8, This is lower than the Mach
number of the dividing stream line glven by the theordies of Chapran and Korst,

For the higher supersonic Iree stream Mach numbers these theories result in a super-
sonlc dividing stream line,

(D) Probe Data:

To obtain information about the flow downstream of the step, vertlcal traverses
at variocus distances downstream of the step were made with the combination thermo-
couple~-pitot probe. Since the pitot probe was maintained in a fixed direction
parallel to the free stream, the readings had to be corrected for flow angle by
using the calibration curves of Figure 8, Figure 18 ahows selected uncorrected pitot
traverse data. Each curve correspords to a fixed x position and represents the pitot
reading distribution with y, the distance above the reattachment surface. These

curves have been selected to show a tyoleal traverse in each of the various regions

1§
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of the {low field, Te curves x = 0,06, x = 0.2, and x = 1.0 are traverses

through the separated reglon and the expansion fan. The local wave in these

3
¢

curves at y = 0,3 to 0.4 inches correaponds to the position of the lip shoek

Cy
o

visible in the shadographs of Figures 9a through 91, iotice that there is mo
evidence of the lip shock in the probing just downstream of the step {x = 0,06},
indicating that the shock Jdoes not extend te the step. The curves x = 2,0 and
x ® 4,0 are traverses downstream of reattachrent. The sudden change in pltot
reading at y = 0.73 inches lrdlecates the position of the reattachment shock.
Probing of the cavity 'flcw beneath the free shear layer with Lhe crossed
hot-wire probe and the direction sensing probe ylelded little information about the
flow. In many poslitions the direction sensing probe oscillated or rotated rapidly
so that the local flow direction could not be determined. The flow angles computed
from the hot-wire probe were not consistent with those which could be determined by
the directlon sensing probe and the computed velocities were much too high to be
consistent with other observations of this low energy flow. Tor one flow condition
which was examined, the direction sensing probe indicated a large recirculating
vortex beneath the free shear layer with a small second vortex in the corner of the
vertical riser and the cavity f{loor.

V1. PREDICTION OF BASE PRESSURE AiD PEAK HEAT TRANSFLR

From the experimental information described above the base pressure, the peak
heat transfer and the location of the peak heat transfer rmay be empirically deter-
mined as follows:

(a) Compute the step height Reynolds nurber Re, = uh

(b) Determine whether the attached boundary layer at the separation point 1s
laminar (ReL< 5% 105), transitional (5 x 10° <Rep < 106). or turvulent (Re >106).

[
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(8) If the separating boundary layer 1s turbulent use Korst's theory
{Figure 13) to determine the base preasure, If the separsting boundary layer is
laminar or trensitionzl determine the base pressure from equation 1.

(d) Compute the value of the heat flux at separation (:m) by using standard
attached boundary layer techniques. (For exarmple Eckert's refer;nce temperature
method. )

(e) mmmlsacemmthemtio(;m{;“% and from this compute the
maxirum heat flux at reattachpent.

(f) Determine o/: from equation 5 and from this calculate the distance to the
position of peak hest transfer (xm).

VH. ANALYSIS

A detailed examination of the results reported above discloses the typlcal flow
field shown in Flgure 19 to exist downstream of the step, This figure shows that the
complicated flow field is divided into regions which mgy be studled serarately, then
properly matched and fitted together. Each of these reglons will be discussed
separately below, Figures 20 through 22 show specific examples of this flow field
constructed from experimental information and will be referred to in the discussion
to follow, Flgures 20 and 21 show statlic pressure changes and total head losses
across the 1ip shock and the region of constant pitot reading beneath it. Figure 22
shows the conplete flow fleld along with model pressures measured at each orifice,
Also shown in Flgure 22 are static pressure changes, Mach munber caanges, and total
nead losses across the reattachment shock.

(A) Comner Expansion and Lip Shock:

The flow approaches the separation point with a conventional boundary layer
attached to the body, some portion of which is subsonic, This subsomic portica allows

18

R L T N e E -




A A ] o i b D b

ATV

R e T T

d i

TN A AN E v § N SRS D SO S TR S e S

v T e i

s

meﬁ*ﬂﬂ’%‘wwm"wﬂ»nm ot o

pressure signals to be fed upstream of the step. ‘Model pressure orifices placed
upstream of, but very close to the separation point show that reduced pressure is
felt wpstream of the step. his effect i3 indicatad In the pressure distributions
of Flgures 9a through 9i. Qnce this reduced pressure is cosmudcated upstream, 1t
is propagated into the supersonic fiow along the looal Mach waves resulting in a
pressure gradient in both the horizontal and vertical direction in the vicinity of
the separation point, Pligures 23 and 24 show constant pressure lines in the expansion
regilon as determined experirentally from corrected pitot readings and the assumption
that the total pressure throughout this region 1s equal to the tunnel total preasure.
The constant pressure lines are extendad into the ahear layer to points on the model
of corresponding measured pressures. The exact location of these lines can not be
determined because of the unknown pressure gradient within the shear layer. Notice
the strong warping of the constant pressure lines in the case of Fligure 23 and the
lesser warping in Figure 24, Notice alsc the low pressures measured just above the
1" shock indlcating a strong overexpansion. It 1s seen that these constant pres-
sure lines are definitely not the stralght constant pressure lines of the commonly
used Prandtl-deyer expansion, Comparison of the experimental fan with tha theoretical
Prandtl-Meyer fan further shows that the total included angle of the experimental
fan 1s less than that of the Prandtl-Meyer fan required to expand to the same pres-
sure. This same effect was reported in Referenwce 22, Flgures 20 through 22 shkw &
region of constant pitot reading immediately below the 1ip shock. It was at first
assumed that this implied constant pressure in this region. Preliminary attempts to
tf=at the 1lip shock as an oblique shock parallel to a constant pressure line with
uriform corditions on each side and base pressure on the downstream side did not
permit a conslstent interpretation of the data. Closer examination showed that the
1ip shock varies in strength along its length, with the poirt of greatest strength
being in the vicinity of the shock-shesmr layer Intersection., Computations of the
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flow conditions on two sides of an oblique

shock were made using the measured cone

stant total pressure upstreanm of the shoek and the measured canstant pitot reading

domnstrean. Using the narenclature of the acconpenying sketoh and ejuations for an

cblique shock arxt for isentrople flow where appropriate, the procedure was as

follows:

(a)

(b}

{c)

(4}

{(e)

(r)

{(g)

(h)

(1)

Given Ptl and PtB

Assume various valuss of L= 132/1»‘1

31 (y-1)e+{§=1)

y )
Oxpue ¥, /7, LrtlJee(r-1) ] ?2‘1"{; -G 31 (8
came Tg/rr = " (T‘l) £ + (?""1)]

(%)
l rtli £+ (Y—D]
Compute P, /P, = FeyPery
3= t tl (10)
Y 41
Solve P, /P, Jom) ”2 ] o y-1 (11)

1
{0 " w2 ] zyi?z-(r-l)q

explicitly for ! Hy

Compute sz'roz c(L—l] n;] (12)

T, T,
Corpute T, T, = T/
&3 %2 Tz/Tl (13)
1=(T. /T ) 2
Corpute 11 = 1 %2 ‘I (14)

. -1
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fg (J) Compute P, = Pt1 1+( I;l )Hl} (15)
§ () Compute F, = (P/F)) F| (16) =
§ (1) Cawpute & = arcsin l r(‘ﬁl}i + {y-1) 1 12 (i7) 4
% L €T j ,f
() Comute s warctan | (L OMD L, a8 :
(HLIEF (1)
: Multiplying and dividing the right hand alde of this equation by S
* £ glves: .
’r - |
( $r-1) £+ (y#1) ) :
{ye1)g + {(v=1) y :
¢ = arctan ¢ gt b tan 6] . {19)

- J
: \
¢ = arctan (20)
t 2/?1

Most of the labor of the computation of these equations was eliminated by

using the appropriate tables of Reference 23. A representative result {s shown in
Flgure 25 where all variables are shown as a funetion of the pressure upstream of
the shock. This figure shows that the total head losses decrease with increasing
upstream pressure while the downstream pressure decreases to an essentially constant
value reached when the pressure ratic P /P is about 0.5. The flow angles and the
total head losses continue to change with increasing P ; the flow angles approach
the Mach angle while the total head losses decrease to zero. It is Lhus clear that
even though the total pressure is constant upstream of the shock and the pitot
reading is constant downstream of the shock, the shock strength and flow conditlons

3 on beth sides of the shock are not necessarily uniform,
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For the ¥ < 2.5 date 1L wiis found thal &b Lhe high Feynolds nxper of thls
mt*mmsw;mmPpmmtmmmmmm, For

thls ecase cwrve ) in Figure 25 represents base presswre, The intersection of the

! Pzand(a}mmmmmmpWthofthkism
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to base presmue and it 1s seen that the total head lopges are greatest it this point

uiththelmmdacmaﬁgas?zmsmmmepmm. An exangle of

thils case is shown in Figure 20 where several streamlines are ahism crossiasg the

P ceas el ke Rt

S 1ip shock, At these crossings the pressuse change and loss of total pressure are
E- | shown. Notice the decrease in total head loss with increesing distance from the
shear layer. Atir:termdiate&mmsmm:saemappmmmlymltome
mmmw&elwmmmwmmtszsu@tlyaboveme
pressure, The same trends were seen in the M = 1.5 data, but in much milder form.
The M. = 5,0 data were not investigated In this regard.
; To further investigate the appearance of the lip shock and the deviation of the
actual expansion from a Prandtl-Meyer expansion an inviscid rotational characteris~
ﬁ | tics solution was obtained for the case shewn in Flzure 24 assuming isoenergetic
‘ flow, This solution should be a valid approximation in this region because:
' {a) In the repid cormer expansion, viscous forces are small compared to pres-
sure forces and may be neglected,

{b) The entropy gradients in the approaching rotational boundary layer flow are
tajmn into accoumnt.

Bt e e VBRI Re s 0

{c) The flow to separation is over an adiabatic surface, so that the flow is
essentiaily isoenergetic,

{(d) Tho warping of the expansion fan and the presence of the 1lip shock, which
the experimental data show to exist over a great distance, must be due to inviscid
effects rather than to viscous effects.

R N N e s - - - -




Bt SR, e

The properties of the point ¢ (sse accompanying sketch), any interior point of the
flow, which lies at the intersection of the characterdstic (Mach) lirmes through

points & and b are determined from the following inovn quantities of points & and
b: x, ¥ M. T_ . 5, and the related quaatities T,v,0 .p and u.
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If this expmsive flow risld is assumed to be iscenergetic (T, = Conatant },
the equations relating thess quantities are the following (28):

cot ¥ [
vc-ec.va-ﬂa——z—l— STa (Sc"sa)] (21)

D i ,,,,;}MMMQ&@&,}% G

AR LR i e STl gl bt S v S LA G

th -
Vot 8o vy * 8y - -—25'— 5%‘%'%}-
L
Mmtialgmsotsclr &*Sb allows the calculation of & trial v, 2nd

2
acandthedetemﬁmtimofatﬁ.alﬂ from the isentropic relation

AR R

(23)

’ Also a trial u_ mey be calculated: y_ = uc-m(———;
memwormmmnmbeemmuawmmmm

following equations relate the position of point ¢ to those of a and b:

+ 8 [ _
yc-ya-{tm‘.s_s_ﬂ— +_A?_&%(xc x‘)
(2¢4)

g, +8 +
Ye - ¥y = [un (bz c “bznc)] (xc-xb)
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The entropy at point ¢ mpy then be determined from (25):

( ) ¢ ) . }
-3 X, =2
Sb a « xa «----a—--‘--?‘--m---u---cG3 33‘*“&)

5, =8 + (25)
¢ & ( ) | 3inuy ) sin L
- “ +{% - PO SS—
o cos (98,%y,) e % cos {3y +u, )

The value of 5, eomputed from equatlon {2% ) 45 compared to the initlal guess

Scl. If they do not agree replace Sc1 with the value S, corputed from (25 ) and

repeat the corputation. Satisfactory apreerent was usually obtalned in three or

less iterations, y §
For a point on the

~ b -é,

inner constant pressure boundary 7‘ ~ _-{ f“ N ~7_b
_~_.i_ a
of the expanding sheer layer the Constant { \( By
Pressure -0, ~ . o

calculation is sinpler timn the Boundary -
procedure above, For this caze s R

Sc = Sa and ;gc = f&a. Therefore Sc, Hys vos ¥gs Tas and u,, are known and all that

remaing to be calculated are the flow angle and position of point ¢, These may be
cbtained from the following equations:

0, ® vy = vg + 8y - _cot Wy [gTb (Sc-Sb)} (26)
2
Yy
Yo - ¥a= [tan o] (x - x)
t (9]
yc-yb=[m(°=*°c - ___:f____)] (5, - %
2 2

In the inviscid flow consldered here a line of constant entropy is a streanline
and also a line of constant total pressure, If the entropy of the free stream is

assimed the value of zero ahead of the expansion where the total pressure is PO_,

3}
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then at any point ¢ in the flow the total pressure is

%o

S . (28)
I WA
e ¢

The local statis pressure may then be conputed [rom

-
‘F:E 4 7!
B, = ?"c {l ;1 ) MCJ - (29)

The initial conditions required to start the solution were obtained from ex-
perimentally measured pitot readings and an assumed pressure distribution at the
separation station. Solutlions obtained for several different static pressure
distributions showed widely varying results, indicating the importance of the pres-
sure variation at separation., The pressure distributlion vhich gave results very
close to those actually measured was obtalned as follows:

{a)} The surface pressure at separation {the x = 8 station) was obtained from
a linear extrapolation of nearby measured surface pressures. (This value was
approximately 87% of free stream pressure).

{b} The pressure at the x = 0 station was assumed to vary linearly from the
above surface pressure to free stream pressure at the point where the pitot probe
read essentially its free stream value. Above this point the pressure was of course
assumed constant at the free stream value, The Bch mumber distribution at x = O,
as determined from the experimental pitot readings and the above pressure distribu-
tion, is seen in Figure 26 to be a sirple linear function of y. Since the method of
characteristics may not be applied to steady subsonic flow the meas of fluld below
the M1 = ] streamline was neglected in this computation and the expanded Mi = 1
streamline was considered to be the edge of the free shear layer at the constant
base pressure. Furthermore, since the exact shape of the Mi = ] streamline through
the expansion 1s unknown 1t was assumed that this streamline instantanecusly passed

25
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from its upstream zero deflectlion angle at x = 0 to the deflection angle glven by a
Prandtl-fieyer expansicn to vase pressure. e comp tlon of this expansion was
carried out on an IBM 7094 computer and the results ars presented in Flpures 27, 28
and 29,%

Flgure 27 shows the claracteristics networks resuiting from this computation.
The caalescing of the corpression waves, which are reflections of expansion waves

off the constant pressure shear layer bowxiary, Inte the lip shock ls clearly

TR

evident, Experimentally, no evidence of the lip shock was found 2t x = 0.2. The

experimentally measured positions of the 1ip shock at x = 0.4 and x = 0.6 are shown

in this figure. It is seen that the calculated position matches the measured posi-

tions very well. An examination of the pressures printzd out by the computer shows

QYW P RO,

a very slight lncresase in pressure at the leading edge of the expansion. Apparently
this Increase in pressure becores more pronounced with Increasing Reynolds number
(reflected in these computations as a change in the initial liach number and pressure
distributions) resulting in the secondary lip shock at the veplnning of the expansion
which was meritioned above,

Figure 28 shows computed lines of constant pressure, Conparison of this figure
with Flgure 24, the experisentally determined lines of constant pressure, shows good

agreement for all values except the P = 0,391 line, However, the computed constant

pressure lines do not show the tendency toward warping whici. the experimentally de-
termined constant pressure lines show., An explanation for this warping is notavail-

able at the present tire. Notice that the low pressure reglon, as evidencead by the

# while performing this analysis the author became aware of a similar treatment of
the corner expansion vy Weiss and “einbawm (26).
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P = 0,004 line {and consequently the overexpansion and the recompression lip shock)
does not originate at a solid boundary, but rather ordginatés within the flow in
order to satisfy the loposed bowdary conditions. The lower F = 0.092 line 1s the

lowwer edpe of the shear layer at the constant base pressure,

Plgure 29 shows some typleal streamlines as they pass through the expansion and
recorpression region into the constant base pressure reglon. The locatlion of the
1ip shock in this fligure was determined from Flgpure <¢7. Jotlce that all streamiines
which pass beneath the lip shock (not through it) are first convex upward, then con~
cave upward {in the case of the edge streamline, the convex position has been con~
tracted to a single point) while those which pass through the lip shock are convex
upward above it and approximately straight below it.%

(B) Constant Base Pressure Reglon:

A reglon of essentlally constant base pressure exists lmmedlately behind the
step riser, Although a pressure gradlent has been seen to exist in the region of
constant pitot reading downstpeam of the lip shock, in most instances this gradient
is small, This essentially constant base pressure region 1s bounded by the model
surfaces, the 1lip shock and the beginning of the pressure rise assoclated with the
turning of the flow parallel to the downstream surface (the origin of the reattach-
ment shock). AS seen in Figure 19, the free shear layer and the recirculating cavity
flow beneath it are both included in this reglon.

(C) Free Shear layer:

The free shear layer lies within the reglon of constant base pressure and con-
siSts of two parts, the outer driving portion and the inner driven portion which are
separated by the "dividing stream line". All of the fluid which comes over the step

* A slight error is involved iIn these calculations in the vicinity of the 11p shock,
No provision has been made for an increase in entropy with the result that the cal-
c;xla;:;z.ms slow recompression beglnning ahead of the shock and continuing beyond the
shock.
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repaing above the dividing stream line and contirues dowwatream while the fGuld

which makes up the driven portion 18 a part of the low veloclty recirsulating vortex

flow in the cavity. This interpretation of the shear layer requires that the veloe
city profiles contain a point of inflection on the dividing stream line, with the

1 ériving profiles concave upward and the driven profiles convex upward, Probing of
the free shear lzyer with the pitot probe shows the upper portion of the velocity
profiles to be concave wpward, but the velocity on the lower side of the shear layer
falls off so rapidly that it is not possible to determine the location of the point

ST A

of inflection. As mentioned above, experimental evidence obtained at reattachment
shows the velocity of the dividing stream line to be subsonic at a ach number of

0.6 to 0.8, Any successful theoretical analysis of the free shear laysr must treat

it as a constant pressure viscous Iree shear layer with starting profiles obtained
from a consideratlon of the flow emerging from the corner expansion and lip shock
region,

(D) Recirculating Cavity Flow:

As seen in Figure 19, the recirculating cavity flow 1s at essentially constant
base pressure, except for a small portion at reattuchrent, Attempts to experiment-
ally measure the flow characteristics in this region met with lilttle success,

o

Probing with the pitot probe, the direction sensing probe and the crossed hot~wire

probe yfelded no conclusive information., Surface oil flow studles and yarn tufts
attached to the model surface gave no indicatYon of surface flow conditions in this
region. All indications are that the flow in the eavity 1s a very low energy flow.
It i1s a separate flow from the extermal flow, coupled to it and driven by shear
forces acting along the dividing stream line. Since the flow# velocity 1s so low, the

total pressure of this flow 1s essentially equal to base pressure. The measured total

temperature was essentially constant throughout the reglon at a value approximately
half way between free stream total temperature and the cooled model surface
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up of two vortlces as shown in Flgure 13,
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temperature, In some cases indlcations were that this recirculating flow is made g
3
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{E) Reattachment Replon:
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In the reattachment reglon the pressure on the model surface rises from the 3

o

e

NN

constant base pressure (F,) to the constant reattachment pressure (Pr). In this
process compression waves travel from the surface through the reattaching shear layer
into the "inviscld™ flow above. Host of the reattaching shear layer is supersonic
and these waves ermerge from the top of the shear layer at the local Mach angle re-
lative to the flow. As the flow streamlines cross these compression waves, they are
deflected and slowed down so that succeeding corpression waves coalesce and form the
begiming of the reattachment shock as shown in Flgure 19. Close examinatlion of
Flgures 9a through 91 shows that for the high Reyrwlds numbers runs of this investi-
gation the pressure rise is steep and the reattachment shock appears to be a contin-
uation of the top of the shear layer, For the low Reynolds number cases the presswre
rise 1s rore pradual with a slower coalescing of the pressure waves into the re-
attachment shock, In thils case the reattachment shock becomes visible in the shado-
graph only at a cansiderable distance above the top of the shear layer. Pitot pres-
sure probings of this region also indicate thls type of flow structure, As compres-
slon continues, the reattachment shock becomes stronger, swings around and extends
into the inviseid flow intersecting the 1lip shoek and the comer expansion fan, In
paasing through the reattachment shock, the expanded flow is turned parallel to the
reattachment surface, The reattachment shock continually vardes 1n strength along
its length since each streamline approaching it in the expansion 1s at a different
flow angle and Mach namber.
Examination of the heat transfer distributions of Figures 9a through 91 shows

that the heat transfer increases from the low cavity value at the stagnation line to
a maximum value in the nelghborhood of the neck of the reattaching shear layer where
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the ressure 13 egsertially constant, This is in opposition to the usual condition
at a stagnation point where the heat transfer is 3 maximum at stagnation and de-
croases from the value. An explanation for this heat transfler distribution is not
avallable at the present time.

The compression and turning of the reattachlng shear layer is belleved to be
rearly isentropic {wmail heat transfer and no shocks) with the reattachment shock
being formed above it by the coalescing of compression waves originating in the re-
attaching shear layer. It Iis pelieved that thls reglon may be handled as an in-
viscid rotational compression: in a manner simdilar to that used in the commer ex-
pansion, since in this region also the viscous forces will be of much sraller mag-
rnitude than the pressure forces.

(F) Constant Pressure Reattached Flow Repion:

Downstream of the reattachment reglon and the reattachment shock the flow 1s
parallel to the model surface and the pressure .s esserd¢ially constant at some value
less than free stream pressure. Other investigators have found sirmdlar resuits for
two-dimensional models, however, investigators using axl-symmetric models have found
reattachment pressures to be higher than free stream pressure.

Figure 30 shows a typical pressure distribution downstream of separation and the
averaging process used to determine a mean constant reattachment pressure (P,) from
the experimental data, Figure 31 shows a plot of the recompression ratio (P/P)

v, Beb for M_ = 2.5 while Figure 32 shows the same plot for Mu = 3.5 and 5.0 The
recompression pressure for the low Reynolds number M, = 5,0 tests could not be deter-
mined because the pressure did not reach a constant value within the length of the
instrumented reattachment surface af the model, For the I, = 3.5 and 5.0 data a
good linear correlation is evident, while for the M, = 2.5 data the ratio appears to
approach a constant value at the higher Reynolds numbers. Examinaticn of Figures

31 and 32 shows that for each lach number a critical Reynolds number-exists where the
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recorpression ratio is a maximm value, The significance of this critical Reynolds
regber is not yet clear, however, it appears that 1ts value increases with increasing

A

tach morber.
Tre flow downstream of the reattachment shock 1s a parsllel rotational type
flow because each streamline of the expansion fan approacies the shock at a different

s ey, w%m‘iﬂ‘ﬁ 2 p

!

flovw angle and a differerd Mach rgber arwd each Is turrad through a ddfferent angle.
There 1s thus a variation In total pressure across the constant pressure flow, This
is evident in Flpure 33 where the total pressure distribution between the model sur-
face and Lhe reabtachment shock 1s shown for three probe positions of the flow shown
in Figure 22, These total pressure distributions were obtained from pitot probe
readings and the assumption of constant pressure at each station. These probings
also show the presence of the slip line which originates at the intersection of the
1ip shock and the reattachmert shock. A slip line of thls type is most clearly

visibie In the shadograph photograph of Figure b.
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VI CONCLUSIONS

Examination of the results of this investigetion along with the results of
other investigators lesds to the followlng conclusions:

{1} For the case where a laminar approach boundary layer is present and the
flow is laminsr throughout, the base pressure is a rather strong function of step
height and is considerably higner than the value predicted by the Chapman theory.

{2) 4When the approach boundary layer 1s turbulent and the flow is turbulent
throughout Korst's theory may be used to predict base pressure,

{3} The flow in the cavity beneath the free shear layer is an extrerely low
energy [low with small heat transfers, The maximum heat transfer occurs somewhat
downstream of the stagnation line at the neck of the reattaching shear layer. then
larpe values of heat transfer are optained there they appear to be due to transition
to turbulence in the reattaching shear layer,

(4) For the transitional type of flows of this investigation the Reynolds
number based on step height (Reh) is an important parameter. Both the base pressure
and the maximum heat transfer may be predicted as a function of this parameter.

(5) For the body shapes of this investigaticn (rearward facing step and over-
hang) and those investigated by Hastings (14) (undercut rearward facing step) the
development of the flow downstream of separatlion is independent of the shape of the
vertical riser,

(6) The Mach number of the dividing streamline at reattachment 1s subsanic and
of the order of M = 0,6 to 0.8,

(7) The ray. corer expansion and the appearance of the lip shock may be ac~
curately described by the method of invisgid rotational characteriatics if the cor-
rect starting conditions are used.

{8) Tne reattachment pressure ratic 1s always less than unity for the two-

dimensional case and has a maximum value at some critical Feynolds rumber which &% 3
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function of Mach number.
{9} Tre Clow downstream of reattachment i3 a parallel rotational type [low,

IX. RECHTENDATIONS FOR PUTURE WODK

A continuation of the experimentation and anzlysis described In this report is
required before a canplete understanding of the copplicated flow fleld under in-
vestigation is obtained. iesearch which would seem to be frultful at the present
time 1s the following:

{1} Extension of the present investigation to both higher and lower Heynolds
murbers, Extension to lower Reynolds numbers should be done to verify that the
base pressure becomes constant and independent of Reynolds number and that the
maximum heat transfer falls off as predicted, The experiments should be extended to
higher Reynolds nurbers to determine how the base pressure vardies with Reynolds
nunrber and to verify that the base pressure again becomes constant and independent
of Reynolds number at the higher Reyrnolds nurbers as predicted by Korst.

{2) The shock equations should be incorporated into the procedure used {o
calculate the rapld comer expansion so that property changes across the 1ip shock
may be accounted for.

(3) Further experimental and analytical investigation of the free shear layer,
the low energy cavity flow, the reattachment region and the flow downstream of re-
attachment 1s necessary,

(4) Additional checks of heat transfer measured in & shock tube vs. tnat
measured in a wind tunnel are necessary to determine the valldity of the shock tube

heat transfer measurements,
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Table I « Instrurentation

o

psi + 1.0%

1,0 psi + 0.3%
0.3 pst ¥ 0,52
0.06 psi '+ 2.0%

Free Streanm Pitot Pressure tpdel Pressure Model
¥aoch Humber Transducer Transducer Temperature
2,5 54 psid 15 psid Tunnel A
Calibrated for Calibrated for Temperature
ranges of 206, 10, ranges 15, 5, 1 Scanrer
S psi ¢ 1, +0,2% + 0.75 °F
3.5 15 psid 15 psid Tunnel A
Calibrated for Caliprated for Terperature
ranpes of 15, 5, 1 ranges 15, 5, 1 Scanner
psi +1.,0% 0,27 + 0,75 °F
5.0 15 psid 1 psid Berioman 210
Calibrated for Calibrated for Digital Con-
rances of 18, 5, 1 ranges of verter + 0,5 o
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Table II -~ Tumel Comnxditions
tormdnal Pree Hominal Tunnel Hominal Pree Data
Stream HMach Stapnation Pressure {Stream Reymolds | Obtained
purbar & Total psia theher Per Inch
Femperature %
x 10
4,5 .06 Pres, & Heat Transfer
55 .03 Pressure nly
7.5 W11 Pressure Only
K ® 245 11.0 .16 Pres. & Heat Transfer
14,5 .20 Pressure Only
’I‘o = £20 °R 18.5 26 Fres. & Heat Transfer
23.0 32 Pressure Only
27.0 ‘37 Pres., & Heat Transfer
3300 ;246 Pres. & Heat Transfer
7.5 .06 Pres. & Heat Transfer
13.0 .11 Pressure nly
15.0 15 Pres. & heat Transfer
31.5 25 Pres, & Heat Transfer
T = 630 °R 38,0 .30 Pressure Only
© 44,5 «35 Pres. & Heat Transfer
50.% 40 Pressure Only
5h.5 J43 Pres, & Heat Transfer
28.0 .10 Pres, % Heat Transfer
42,0 14 Pres, & Heat Transfer
M, = 5.0 71.0 24 Pres. & Heat Transfer
84,0 .28 rres. & Heat Transfer
TO = &80 °R 126.0 A2 Pres, & lieat Transler
140.0 A7 Pressure Only
15C.0 50 Pres. & Heat Transler
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Table III - Pitot Probe Survey Conditions

Hominal PFree Nondnal Tunnel wominal Step
Stream Mach Stagnation Pressure Heipght
Number & Thtal psia inches
Terperature
245
':t’0 = 620 °R 18,5 0. 443
345
T =630 °R 31.5 G483 & 0,750
° 54,5 0,43 & 0.750
5.0
T = 680 °R 84,0 0.443 % 0,750
¢ 150.0 0.443 & 0.750
35




Table IV « Dividing Stream Line fach durber For 0.75 Inch Step
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Front View Showwg Survey Probe

b.

Fig. 5 MODEL PHOTOGRAPNS
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0. Sids View

b. Dstall of Hot Wire Support Neeadies

Fig. 6 CROSSED HOT WIRE PROBE
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0. Side View

of Direction Sensing Flags

7 DIRECTION SENSING PROBE
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Fig. 17 PHOTOGRAPHS OF YARN STRAND ORIENTATION
E AT MAXIMUM REYNOLDS, NUMBER h=0.75 IN.
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2k h=_750
Po= 318 PSI
Mg 3.5
28 r (P"énmcrz;aa;m
24 ¢
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PRESSURE UPSTREAM OF SHOCK (PSi)

Fig. 25 VARIATION OF PROPERTIES ACROSS AN OBLIQUE
SHOCK WITH CONSTANT TOTAL PRESSURE

UPSTREAM AND CONSTANT PITOT READING
DOWNSTREAM.
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Fig. 30 PRESSURE DISTRIBUTION ON MODEL

h=0.443 M= 25 P =11.2 PSIA.
79

bdoim




s A e AT 4 i b | < min

USRS U B

1.00 ¢~

88
o]
56
0
94
92 -
90
h (}ﬁ.) MQ
88 —
® 0.443 2.5
e 0.75 2.5
.88
84
.82
| B 1 t 4
0 1.0 2.0 3.0 40
Rep x 10732

Fig. 31 RECOVERY PRESSURE RATIO VS. Rep Mgp=2.5
80

R




T N KA T R T NG

i
¢
£

Pr

(00 ¢ o \
esk
N
b
T \\
94} o o\
92 /
(o]
o0k
88 b
h{in) Me
O 0.443 5.0
86} e 0.75 5.0
e 0.75 35
v 0.443 3.5
.34 uf @
82k
| . g | f ]
0 1.0 2.0 3.0 4.0
Re, X 1072

Fig. 32 RECOVERY PRESSURE RATIO VS. Re,
""'3‘531 & 5.0




¥iSd ¢ PG = % SE=®N O0620=1\
INIFAHOVLILIYIY 40 WYINLISNMOO NOILNGINISIA 3uNsSS3Mdd Tviol ¢t Bid
(1Sd) 34NSSI™d TVLOL
1 Ot 9¢ 2 82 »2 02 9 2! 8 v 0
§ | | 1 1 H h H ¥ O
-1
-2
NOILISOd AN &._m\
-<
¥ |
oy G'E =W 1°
ax ISd §'9§ s°d
/ $L'0 =y i pe
/
m WYPUIY sX ¥
! WPUg =X u g
} Y p =X ©
v
d h.

(vi) 3D0v4HNS LNINHOVLLIVIY 3A08Y 3ONVISIQ

y
H

82

e MLt o




T — ”
s Mrrmvxj?ﬁff W@mi%

N e e

Unclaggified
Security Clsasification

DOCUMENT CORTROL DATA - RAD

{Romsoity clansification of Bite. body ol abwtmet aed sovdnsing o hon el b 4 wiawe e s praii vopbei in cIppaitind}
t ORIGINA TIN G ACTIVITY (Corpasite o) 28 REPORT RELSURITY € LAMIPICATION

Thermomechanics Research Laboratory {ARN) _Anclassified

Aerospace Research Laboratories, QAR b snous

3 PORT T
The Flow Fieid and Heat Transfer Dowastream of 2 Rearward Facing Step
in Supersonic Flow

T DESCRMIPTIVE ROTEE {T7aw of ropart Wod inchesive detes)
Scisntific, Final,

S AGTHORCE) fLosi mas. Beat ome. srtal)
SMITH, HOWARD E,

4 REPOAT DATE Ya. YOTAL NO. OF PASKS Th w0 OF REPY
§  March 1967 82 26 o
2 KISOEEOCEREApeasy. In-House Rasearches omemavonss neroay nuwasacs
b rSCY NG, *7063 - 0002
r 61445014 85 QYMER REPCAT NXE) (Any oot mumbers thet mey be Avsigned
< 681307 ARL 67-0056
19. AVAILABLITY/LEUTATION NOTICES
Distribution of this document is unlimited
1 SUBPL EMENTARY NOTES ‘ 12. SPOMSORING MILITARY ACTMVITY
' Aerospace Research Laboratoriss {ARN)
? Office of Aerogpace Research, USAF

b . . __iWright-Patterson AF.B, Ohio

it +2373 - An gxperimertal investigation of the flow field, and the model pressure
and steady-state heat iransfer distributions for a rearward-facing step in super-
sonic flow iz described, Tests wers conducted using a water-cooled model with
a step height adjustable to 0, 443 and 0. 750 inches at' free stream Mach numbers
of 2.5, 3,5, and 5,0, and at Reynolds ng:mbers baseéi on length of surface ahead
of separation of approximately 2.5 x 102 to 1.8 x 109, I: was found that the
Reynolds number based on step height (Rey) is an important parameter and that
both the base pressure and the maximum heat transfer at reattachment may be
predicted as a function of this parameter.

Several representative flow fields are presented along with analyses of the
varioug regions of these fields. It was found that the depreesed base pressure
is communicated upstream of the step through the subsonic portion of the attached
boundary layer resulting in a pressure gradient immediately upstream of the step,
It is shown that the rapid corner expansion is not the commonly used Prandtl-
Meyer expansion, but rather is accurately described by the method of inviscid
rotational characteristics which accounts for both the entropy gradient in the
boundary layer and the pressure gradient upstream of the step, This description
of the corner expansion also accurately predicts the position of the lip shock
associated with the rapid expansion,

DD .22 1473 UNCLASSIF IED
Security Ciassificroon




T T T TTeTEARRRE AR W T T VTR RAr NSRS Tt A TR U R TITas
o S TR FEETEEET T N i

S TR R R

Uncleasified
Secusity Classificetion
te LINK A LiNK & LINK C
KEY woRDS moLX wy noLE "y mOL wr
: Supersonic Flow
Heat Tranafer
Separated Flows
Base Pressure and Reattachment
]
: IMSTRUCTIONS
! 1. ORIGINATING ACTIVITY: Eater the nsme annd eddn imp d by ity clavsification, using stsndard statements
_! of the . Sub » gramise, Department of De- such s
: fense . -ivity o other organization (corporate suthor) ismiiag (1) “Qualified requestors may obtain copies of this
the AP0, report from DDC. '
1a. REPORT SECURTY CLASSIFICATION Eater the over " inatio
all security classification of the raport. Indicate whather (& ,-::“mf: DOC is not m;:gl:d. s n of this
“Restricted Dats™ is included Markiay is to be in secord
ance with appropriste security reguintions, {3) *U & Government agencies m&:bnin cumpi:d- ;ac
2b. GROUP: Aumtomstic dowmgrading is spacified tn DoD Di- m. :hd‘ or "1 ’wi" ::’:‘ ‘!IMH = BDC, o qus
rective 5200. 10 and Armed Porces Industrint Manual Enter “
the group number. Also, when applicable, show that optional .
fnukis\gs have been used for Group 3 and Geoup 4 as axkhor- %) “U. S military agencies may obtai pies of this
ized. report directly from DDC.  Other qualified users
3. REPORT TITLE: Enter the compiete repost titie in all shail requast through
capital tetters. Titles in sl! cases should be unclassified. o
! U s meaningfol title carmot be selected withowt clesaifice - -
tion, show titie clessificetion in all capitaln in parenthesis (5) ™Al distribution of this report is controlled Qual-
immedistely following the title. ified DDC users shall request through
4. DESCRIPTIVE NOTES I appropriste, emter m’ type ot -
teport, e.g., interim, progress, summary, asnual, oc final. repo: been furnished o ¢ Wi
Give the inclusive dates when s apecific repoﬂing peviod is g."l“;:i:: pq,:;::; of Commerce, ;:ct::logc&: pgcic. h:é—
covered. cate this fact and entar the price, if known.
5. AUTHOR(SX Enter the asme(s) of sutbor(s} as shown oa 5 SUPPLEMENT NOT u additional lans
¥ of in the report. Enter lest name, first name, niddle initial oolv', notes. ARy S U for . had
4 i
If xilitary, show sank and branch of service. The name of . .
the principal «thor ix an abaol ini requi 12. SPONSG: (:nG MILITARY ACTIVITY: Enter the m’e of
6. REPORT DATT: Enter the date of the repott s day, ing fopretmental project office or 1adoratory e (pay
month, year, or month, year. If more than one date appesrs N v A
on the report, use date of publication, 13. ABSTRACT: Enteran -b-u_-ct giving e brief snd (sctual
7a. TOTAL NUMBER OF PAGES: The total page count ey of the oicative of the report, even though
should {ollow normal paginstion procedures, i.e., enter the it -”..l” *ppear elsewhare in thc body of "' t_oduuc'l e
by of pages comei i tion g‘on‘ Lig ld:uan.l apace is required, a coatinuation sheet ahall
TE UMGER OF REFERENCES  Enter the total aumber of It is highly desirable that *he sbetract of classified reports
references cited in the report. be unclsssified. Dach paragreph of the sbetract shsll end with
8a CONTRACT OR GRANT NUMBER: If spproprinte, enter an indicstion of the military security clansification of the in-
the applicable ber of the tract or gramt under which formation in the paragraph, rep d as (TS). 78), (C). or (8)
the report was written. There is no Limitation on the length of the abatruct. How-
88, &, & 8. PROJECT NUMBER: Enter the appropriate ever, the suggested leagh ic (rom 150 to 225 wonds.
gkit antment identification, such as project number, . R
Dt rmner, sy sk Parber, o7 short shreses b herecearine o comart L Teneios s e
9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi- index entries for catalogiag the repot. Key words must be
cial report number by which the doctiment will be ident ified selected su that ao security clessification is required. ldenti-
snd controlied by the vriginsting sctivity. This namber st fiers, such ss equipment model dasignetion, trade name, military
be unigue to this repot, project code name, geogrephiic loqninn. wey be used a8 key
9. OTHER REPORT NUMBER(S): If the report has been words but will be follswed by an indication of techaice! con-
assigned sny other report numbers {either by ‘he originator text. The assignment of links, rules, and weights is optional.
or by the sponsor), also enter this number(s).
10. AVAILABILITY/LIMITATION NOTICES Eater any lim-
itations on {urther dissemination of the report, other than those]

UNCLASSIFIED

Security Classification




<monuy

T e T T

,
-’

e m on R o -

I~ Irratc L6 LoSoment
o E A

[ ey, q . B4 at el . .
§f; The Flow Field ang H

of a Reorward Facing Ste

{
=2
(VN

Pzge 1i:  Replace Foreword with enclosed page,

Pege 1k: 438 sketeh:

Poge 20:  Eguatica (9) snould be writien:

-

oy I
;2/:02
T/ = T/ 0= (13
litoy 1" %0, wo o
271




Tois tecnaigcal remort is taxen fon & thesis submitted by the zuthor

~ - e 2. - a T S e B o - a [T . 3 1 x I
Lo the ACEOSDore Iag.nécrisg Deperimest of the Unuversity of Cincinnati

o
[l
i

Liel Julriilment of tbhe regrirvmenss for thoe degree of Lougter of
Jullosopny. Ir. Widen Tobaiofd, Prolessor of Aerosnave Engineering, is
vae Trhzsis edviser. The re..oreh resorted nereln vwas performed by tae

LuTo0r woile in resldence as s Visitinz Research Associate at the

Y

Tnermo-iicenanias Research Labcratoery of the Aerospace fesesarch lLaboratories,

O:Tice of Acrospace Bessarch, USar,

Tro oaukhor 1s grateful to Dr. Tabekedll for introducing him to this

evea of resegrih, and Ior the guidanze and the constent encouragement

X

hien he gove taroughout ..o course o9f this work. The author alse wishes
T0 cexacwliedge Dr. oox Go Scherberyg of the Thermo-ltechanies Research
Labcratory, ARL, for nis advize, copiributions, and many fruitful
discussicns relalca oo whis WOrk. #r, Donald Clemm of che Applied
¥athezatics Research Laboratery, ARL, is ucunowledgzed for programming
tae ce._uter solutions of the corner expansion descrived in tails report.

Thne excellent cooperation anc helpfulness of Mr, J. C. Donaldson, Project

Dmgineer, togetier with tze stalf of the Von Karman Gas Dyaomices Faciiivy

[+]
vy
ot
Lty
[

9
4]

(&)

'_I
o
1

Taznessce, wao conducted the wind tunnel tesis reporied herein are also

acincwingdged,

Zineering and Developzent Center, Arnc™ @ Alr rorce Station,

> e gy



